A green solvent-based optimization for rosmarinic acid (RA), carnosol (COH), and carnosic acid (CA) extraction, the three main antioxidants from rosemary, was performed. The conventional solid-liquid extraction was optimized using a central composite design (CCD) followed by the desirability approach. In the CCD analysis the quantitative effects of extraction time (4.8-55.2 min), liquid-to-solid ratio (4.6-21.4 mL g À1 ), and ethanol content (44.8-95.2% v/v) were determined for the extracted amount of antioxidants, their concentrations in the extract, and the extraction yield. Samples were analyzed by HPLC and the antioxidants were identified by comparison with pure standard retention times and UV spectra. The desirability function that simultaneously maximizes the antioxidants extraction and their concentrations in the final product was validated. The extraction using a hydroalcoholic solution 70% v/v, at low liquid-to-solid ratio (5 mL g À1 ), and after 55-min yielded an antioxidant recovery rate of 89.8%, and a final product 4.75 times richer in the main antioxidants than the raw material.
Introduction
Rosemary is a plant known worldwide as a culinary spice and a natural preservative due to its high antioxidant and antimicrobial activities. These activities are related to the presence of phenolic compounds, mainly rosmarinic acid (RA) and diterpenes such as carnosic acid (CA) and carnosol (COH) (Collins & Charles, 1987; Moreno, Scheyer, Romano, & Vojnov, 2006) .
Rosemary extract is an effective natural food preservative as on the stabilisation of sunflower oil (Urbančič, Kolar, Dimitrijević , Demšar, & Vidrih, 2014) , and pork batter formulation (Hernán dez-Hernández, Ponce-Alquicira, Jaramillo-Flores, & Legarreta, 2009), for instance. Besides, refrigerated raw meat from animals like gilt-head seabream (Hernández, García García, Jordán, & Hernández, 2014) and sheep (Nieto, Estrada, Jordán, Garrido, & Bañón, 2011) fed with rosemary extract had extended shelf life.
The operational conditions such as extraction time, liquid-tosolid ratio, and the kind of extracting solvent for the extraction method play an important role in the conventional extraction process. Conventional solid-liquid extraction is widely used for antioxidants, plus is safe, cheap, and easy to scale up (Hernández-Hernández et al., 2009; Mulinacci et al., 2011) . Extraction techniques like ultrasound and microwave assisted (Rodríguez-Rojo, Visentin, Maestri, & Cocero, 2012) , or the ones using supercritical fluid (Carvalho, Moura, Rosa, & Meireles, 2005; Herrero, Plaza, Cifuentes, & Ibáñez, 2010) are mainly employed to improve the extractive process efficiency and final product quality.
The correct choice of the operational conditions leads to a higher recovery rate of the compounds of interest and a more concentrated final product (extract) using less energy, time, raw material, and solvent. All of these factors need to be optimized for antioxidant extraction of different plants or even for the same plant if it has undergone different pretreatments. Differences in matrix structure and plant composition may also require changes to the extraction process (Dorta, Lobo, & González, 2013) .
Response surface methodology (RSM), proposed by Box and Wilson in 1951 (Box & Wilson, 1992) , has been widely used as a statistical approach to optimize liquid-solid extractions (refer, for instance, to Pap et al., 2013; Xi & Wang, 2013) . Central composite design (CCD) is one of the most popular experimental designs because it is efficient, very flexible, and can be run sequentially. Simultaneous optimization of multiple responses, e.g. the recovered amounts of many antioxidants after an extraction process, has been performed using desirability functions (Ghafoor, Choi, Jeon, & Jo, 2009; Hossain et al., 2012) .
RA, COH, and CA antioxidant extraction from rosemary and other spices have been reported in the literature. Kim et al. (2010) have proposed an optimized process for RA extraction from Melissa officinalis using methanol. Hossain et al. (2012) have optimized the ultrasound assisted extraction of marjoram antioxidants including RA, COH, and CA, using methanol. Several methods have been optimized for antioxidant extraction from rosemary, such as ultrasound assisted extraction (Paniwnyk, Cai, Albu, Mason, & Cole, 2009) , accelerated solvent extraction (Hossain, Barry-Ryan, Martin-Diana, & Brunton, 2011) , pressurized green solvent extraction (Herrero et al., 2010) , and CO 2 supercritical fluid extraction (SFE) (Herrero et al., 2010; Visentín, Cismondi, & Maestri, 2011) . Other studies have reported rosemary extraction without response surface modeling and optimization (Babovic et al., 2010; Couto et al., 2012) .
This present paper reports a CCD optimization for the conventional solid-liquid extraction of the main antioxidants from rosemary using a desirability approach. A green solvent-based optimization was performed for RA, COH, and CA extraction, the three main antioxidants from rosemary. In the CCD analysis the quantitative effects of extraction time, liquid-to-solid ratio, and ethanol content were determined for the extracted amount and concentration in the extract of RA, COH, and CA, and the extraction yield. Next, the desirability function that simultaneously maximizes the antioxidants extraction and their concentrations in the final product was validated. Lastly, a RA, COH, and CA enriched rosemary extract was obtained with a high recovery.
Materials and methods
Two extractive methods were carried out in this work. In the first one, due to the importance of knowing the total antioxidant content available for extraction, high dilution and ultrasound were employed to quantitatively extract RA, COH, and CA from the powder. In the second method, conventional extraction using green solvents (water and ethanol) and low liquid-to-solid ratio were optimized to be suitable for future applications in the food field.
Materials
Rosmarinic acid (98%) was purchased from Sigma (Germany). Carnosic acid and carnosol, both with over 95% purity, were obtained from Chromadex (USA). Methanol was of HPLC grade (Tedia, Brazil) . Acetic acid and absolute ethanol were from Vetec (Brazil). Ultrapure water (Millipore, USA) was also used. Fine rosemary powder (dried ground leaves from Morocco, having particle size distribution as follows: <0.125 mm: 28.2%; 0.125-0.180 mm: 25.7%; 0.180-0.250 mm: 26.0%; and 0.250-0.425 mm: 20.1%; average particle size of 181 lm, and 8.4% of volatile) was purchased from Santosflora (Brazil). RA, COH, and CA were quantified in the powder.
Quantification of antioxidant compounds in the rosemary powder
Approximately 200.00 mg of rosemary powder were weighed and transferred to a 50.0 mL volumetric flask. The extractor liquid was added to the flask and the extraction was carried out for 10 min using an ultrasound bath (Unique, Brazil). Water, methanol, ethanol, acetone, and their aqueous mixtures ( Fig. 1) were employed in trials to quantitatively extract the three main rosemary antioxidants. Following the extraction, samples were filtered through a 0.45 lm Durapore Ò PVDF membrane (Millipore, Brazil), Fig. 1 . RA, COH, and CA recovery from rosemary powder using different extraction solvents. Error bars represent mean ± 1 standard deviation. diluted three times with acetic acid 1% v/v, and immediately injected into the chromatograph.
Conventional solvent extraction process
Extraction was carried out in a sealed 30 mL cylindrical flask, fastened to a shaker table operating at 70 rpm at room temperature (25°C). Rosemary powder was extracted with 16.0 mL of a hydroalcoholic solution (ethanol content in Table 1 ). Extraction time, ethanol content, and liquid-to-solid ratio (amount of rosemary powder in the hydroalcoholic solution) were optimized using a RSM based on a CCD, as shows Table 1 . Twenty experiments were randomly performed, including six central point replicates. After the extraction, samples were centrifuged (5000 rpm Â 5 min) and filtered using a 0.45 lm PVDF Durapore Ò membrane (Millipore, Brazil) . An aliquot of the filtered extract was separated for dry residue and HPLC analysis. Liquid extracts were diluted ten times with acetone 80% v/v, then diluted three times with acetic acid 1% v/v, and immediately injected into the chromatograph.
Extraction yield
Dry residue was obtained after 4 mL of the filtered extract were dried at 110°C during 12 h. The Extraction yield was expressed as the amount of dissolved matter (measured as dry residue) expressed as the percentage of the initial amount of powder.
HPLC analysis
Samples were analyzed by HPLC using a Waters e2695 chromatograph, equipped with a 2998 PDA detector and an autosampler. The method was adapted from the literature (Cuvelier, Berset, & Richard, 1994) and validated following ICH recommendations (ICH, 2005) . The column, a Zorbax XDB C18 (25 cm Â 4.6 mm Â 5 lm), and the injector were maintained at 30°C and 4°C, respectively. Injection volume was 20 lL. The detector operated from 190 to 400 nm. RA was quantified at 330 nm and diterpenes at 280 nm. The mobile phase consisted of a linear gradient using methanol and water acidified with 1% v/v of acetic acid. Time (% of methanol): 0-7 min (40); 7-11 min (40 ? 80); 11-23 min (80); 23-24 min (80 ? 90); 24-28 min (90 ? 40); 28-33 min (40). Data were processed using Empower software (version 2.0 from Waters, USA). RA, COH, and CA contents were determined both in the rosemary powder and in the extracts, on a dry basis. Antioxidants were identified by comparison with pure standard retention times and UV spectra. Quantification was based on peak areas via the external standard method.
Experimental design
CCD reduces the number of experiments to close to the 2-level full factorial design, and the rotability requirement for m variables is satisfied when a = 2 m/4
. Results, y, can be fitted to the following second order polynomial equation as a function of m coded independent variables
where b 0 is a constant, b i are the linear coefficients, b ij are the quadratic coefficients when i = j, and the interactive/synergic coefficients when i -j. Analysis of variance (ANOVA) is carried out for each regression model and non-significant effects are not considered after statistical analysis. New regression coefficients are then recalculated to the final regression model with no evidence of lack-of-fit. Optimal conditions are found using a global desirability function 
Results and discussion

Raw material content of antioxidants
Recovery tests using 8 different liquid solvents were run in order of extracting the three main rosemary antioxidants after 10 min ultrasound assisted single-step procedure, Fig. 1 . Extraction recovery of 100% was assumed for the most efficient solvent, except for the COH extraction since it can result from CA degradation in polar solvents (Wenkert, Fuchs, & McChesney, 1965) . COH recovery in anhydrous ethanol, pure acetone, and acetone 80% v/ v were averaged to 100% owed to the fact that these three solvents extracted equivalent COH quantities. Solvents having the highest polarities extracted significantly higher amounts of RA. On the other hand, the ones having the lowest polarities extracted, preferably, CA. Both acetone and anhydrous ethanol quantitatively extracted CA and COH. RA was quantitatively extracted using ethanol 59% v/v and hot water. The three main antioxidants were quantitatively extracted from the rosemary powder in a single-step procedure using acetone 80% v/v. Therefore, this solvent was chosen as the extraction solvent for quantitative analysis. The method was validated following ICH recommendations (ICH, 2005) .
The procedure established to quantify the antioxidants used approximately 200.0 mg of rosemary powder, and the relative standard deviations (RSDs) were below 3%. Confidence limits for the mean for the concentration of the main rosemary antioxidants, after five replicates on a wet weight basis and P = 0.05, were 0.75 ± 0.01% w/w for RA, 0.37 ± 0.01% w/w for COH, and 2.14 ± 0.04% w/w for CA, which corresponds to a total of 3.26 ± 0.04% w/w. Okamura, Fujimoto, Kuwabara, and Yagi (1994) found 4.21% w/w of CA and 0.39% w/w of COH, and Wang, Provan, and Helliwell (2004) found 1.1% of RA in dried rosemary leaves. Mulinacci et al. (2011) found 1.42% w/w/ of CA, the major antioxidant in Rosmarinus officinalis. These different values reported on the literature for the rosemary antioxidant contents are owed to the raw material employed and also to the extraction processes.
Conventional extraction
A CCD for m = 3 variables and a = 1.682 was run, according to the variable ranges in Table 1 , involving 20 experiments in a full factorial design. Six replicates at the center point were used to determine the experimental error. For each experiment the extracted amount of RA, COH, and CA (recovery), their concentrations in the extract on dry basis, calculated using HPLC peak areas, as well as the extraction yield are also expressed in Table 1 . The concentration in the extract is the relative percentage of the three assessed antioxidants in the total amount of extract, calculated using the extraction yield procedure.
Since liquid-to-solid ratios varied according to Table 1 values and the hydroalcoholic volume was fixed at 16.00 mL, rosemary powder masses employed in the factorial design experiments ranged from 747.8 to 1337.5 mg. The three responses varied greatly in the full factorial part of CCD experiments presenting RSDs ranging from 7.16% to 23.79%. On the other hand, values lower than 2.3% were verified using the six replicates at the center point. Squared product-moment correlation coefficients, r 2 , for the response functions are shown in Table 2 . Explanatory variables for the model functions were significant at P < 0.1.
Extracted amount of the antioxidants
The ethanol content (EtC) was the most important variable (b 3 in Table 2 ) for the extracted amount of RA and CA. RA recovery is favored when the ethanol content is below 70% v/v, Fig 2a. Since the negative sign for the interactive/synergic coefficient indicates antagonistic effect between two antioxidants, the synergic effect between liquid-to-solid ratio and extraction time (b 12 < 0 in Table 2 ) accounts for the fact that low liquid-to-solid ratios and short extraction times may not be enough to extract all RA. The design model for the extracted amount of CA, Table 2, shows that optimal extraction is achieved when ethanol content is above 70% v/v, Fig. 2c . The small and negative extraction time effect result from the fact that CA may be converted to COH and to other chemical compounds in polar solvents (Mulinacci et al., 2011; Wenkert et al., 1965) . The COH extracted amount increases when the extraction time increases, and the ethanol content is on the lower level (Fig. 2b) .
A high antioxidant recovery is accomplished in the overall using ethanol content 70% v/v. Hydroalcoholic solvent has many advantages when compared to other extraction solvents like methanol, DMSO, dichloromethane, butanone, and ethyl acetate employed for the rosemary antioxidant extraction (Albu, Joyce, Paniwnyk, Lorimer, & Mason, 2004; Mulinacci et al., 2011) . Such advantages include low cost, low toxicity to consumers and technicians, and environment benefits.
Conventional extraction of rosemary antioxidants at room temperature ranging from 1 to 10 h have been reported (Del Baño , 2012) . In our work, an extraction time of less than 1 h was enough to efficiently extract all the three main antioxidants. This may be due to the 181 lm average particle-size of rosemary powder, which was thinner than the ones reported in the literature (Carvalho et al., 2005; Herrero et al., 2010; Rodríguez-Rojo et al., 2012; Visentín et al., 2011) . Unless agglomeration occurs, smaller particle sizes tend to increase the extraction of several compounds. This work presents recovery rates above 90% that were obtained after 30 min extraction time, room temperature, and using single-step extractions without ultrasound apparatus, as for the runs 12 and 15 to 20 (Table 1) . Small average particle-sizes and hydroalcoholic solution 70% v/v might also have contributed to such performance. However, an experimental condition set up to simultaneously extract the three antioxidants may also extract undesirable constituents from rosemary powder, yielding a low concentrated extract.
Antioxidant concentration in the extract
The antioxidant concentration in the extract is important when choosing an extractive process. A high concentrated extract result from high antioxidant recovery rate and low extraction yield. In order to evaluate the antioxidant concentration in the extract and the extraction yield, 4D response surfaces were modeled and can be seen in Fig. 2d-g . The higher the ethanol content, the lower the extraction yield (Table 2 and Fig. 2g) . As a consequence, COH and CA concentrations in the extract increase ( Fig. 2e and f) . On the other hand, less than half of the RA present in the rosemary powder was extracted in such conditions (Fig. 2a and run 14 in Table 1 ) resulting in a low concentrated RA extract (Fig. 2d) . Extracts having high RA contents can be obtained when both high extraction time and low liquid-tosolid ratio are used. As such, an optimum ethanol content combined with high extraction time and low liquid-to-solid ratio must be employed in order of obtaining a high concentration in the extract for COH, CA, and RA, simultaneously.
The higher total concentration in the extract, 19.16% w/w (run 14, Table 1 ), was obtained when using the higher ethanol content. Similar results for the total concentration in the extract were found when using supercritical fluids or high pressurized and heated liquids (Carvalho et al., 2005; Herrero et al., 2010; Sánchez-Camargo et al., 2014; Visentín et al., 2011) . When employing single-step extractions, values below 17% w/w were found (Carvalho et al., 2005; Del Baño et al., 2003; Rodríguez-Rojo et al., 2012) . In the present work, total concentration in the extract of 19.16% w/w and extraction yield of 14.12% w/w were obtained (Table 2 , run 14). On the literature, total antioxidants concentration in the rosemary extracts using supercritical fluid extraction (SFE) ranged from 8.68 to 40.89% w/w (Carvalho et al., 2005; Herrero et al., 2010; Sánchez-Camargo et al., 2014) . These works reported extraction yields ranging from 3.3 to 6.5% w/w. SFE presents some advantages such as leading, at suitable conditions, to purer extracts than the ones obtained using one step conventional extraction, and employing low amount, or none, of organic solvents. On the other hand, due to the selectivity of the extraction process, high concentrated extracts do not contain a high amount of all antioxidants. As an example, SFE using ethanol as cosolvent led to an extract having 37.8% w/w of diterpenes (COH and CA), but the RA content was below the limit of quantification (Herrero et al., 2010) . Finally, the instruments and equipments necessary to run SFE are more expensive when compared to ones employed in conventional extractions (Pereira & Meireles, 2007) .
The antioxidant activity of rosemary extracts may be due to the combining activities of its main antioxidants, RA and CA (Romano, Abadi, Repetto, Vojnov, & Moreno, 2009 ). Rosemary antioxidant properties in aqueous medium are mainly due to RA, meanwhile CA and COH are the main rosemary antioxidants acting on lipidic systems (Del Baño et al., 2003) . As a consequence, food presenting both lipidic and aqueous phases can take advantage on the reduction of oxidation when rosemary extract containing the three main antioxidants are employed (Terpinc, Bezjak, & Abramovič, 2009 ).
Desirability and final product
The optimal conditions for an extraction process may vary as a result of different product features or process parameters that need to be chosen following certain commercial interests. An industry may focus on high antioxidants recovery or may prefer a more concentrated final product, for instance. In our work the highest total concentration in the extract was obtained using ethanol 95.2% v/v, having low RA recovery. The high RA extracting conditions (hydroalcoholic solution 70% v/v combined with high ExT or high LtS) yielded a less concentrated extract since it increased the extraction yield. For model validation, a condition in which antioxidant extraction and antioxidant concentration in the final product were both considered was found via desirability functions.
Six individual desirability conditions were set up based on both the extracted amount (d 1 to d 3 ) and the concentration in the extract (d 4 to d 6 ) of RA, COH, and CA. Denominators in Eqs. (1) to (3) represent the raw material content of each antioxidant (Section 3.1), and in Eqs. (4) to (6) they represent the maximum response for each respective response function. 
Only significant effects (P < 0.10) were considered in Eq. (9). A r 2 equals to 0.8228 as well as P < 0.0001 were found for model significance. Fig. 3 shows a 4D plot of the estimated global desirability versus the three extraction parameters evaluated. The closer the value of D is to unity, the more desirable it is.
The global desirability function in Eq. (9), and plotted in Fig. 3 , indicates that there are two high desirability regions (D % 0.9). The desirable region on the left of Fig. 3 is characterized by high liquidto-solid ratio, low extraction time, and ethanol content around 80% v/v. The other desirable region (right side of Fig. 3 ) is characterized by low liquid-to-solid ratio, high extraction time, and ethanol content around 70% v/v. Since the disruption of cells is not expected in conventional extraction (Ranjan, Patil, & Moholkar, 2010) , the two desirable regions in Fig. 3 result, mainly, from the diffusion of the solutes. As a consequence, the solvent effect dependent terms in Table 2 were statistically significant (P > 0.10), emphasizing the solvent selectivity expected in diffusion processes (Ranjan et al., 2010) .
The desirable region on the left side of Fig. 3 is acquired using low extraction time and high solvent extractor volumes to account for the proper bulk convection. On the other hand, the desirable region on the right side results from high extraction times allowing for an effective diffusion of RA. In this case, convection is hampered due to the high density of solids in the extractor solvent (low liquid-to-solid ratio). However, when high extraction times are employed in conjunction with high liquid-to-solid ratios, it lowers the process desirability (back part of the cube of Fig. 3 ). This fact is a consequence of the lowering in the final product concentration owed to the diffusion of other constituents (high extraction yield).
The desirable region on the right side of Fig. 3 was chosen for model validation since a low liquid-to-solid ratio yields a less diluted extract, when comparing to an extraction using a high liquid-to-solid ratio. Plus, it brings economic benefits in subsequent concentration and drying steps.
Inside the chosen region (right side of Fig. 3 ), high extraction times are correlated with high D values. The model functions for the extraction amount and concentration in the extract, Table 2, indicate that both RA and COH increase when increasing the extraction time, but CA reduces. After 55 min of extraction COH is completely extracted. As such, the increase in COH, predicted by the extraction amount function, is a result of the COH generated from the CA degradation. The extracted amount of RA would not be expected to significantly increase once 97.6% of RA has already been extracted after 55 min. In addition, after 55 min a further decrease in the concentration in the extract would be expected as a consequence of an increase in the extraction yield. Based on these facts, there were no scientific evidences of experimental improvements extrapolating extraction time further than 55 min.
Considering the fact that the desirability model for the experimental design supports low liquid-to-solid ratios to achieve maximum desirability, 5 mL g À1 ratio was chosen as an optimum liquidto-solid ratio. The use of even more concentrated mixtures should not significantly increase the value of D. In addition, concentrated mixtures are difficult to be homogenized. Once optimal conditions for extraction time and liquid-to-solid ratio were determined, the optimum ethanol content was set at 70% v/v. This optimum condition presented a D value of 0.88, which represents a compromise between the recovery of the antioxidants and their concentrations in the extract.
Predicted and experimental values were obtained for the optimized conventional extraction, as can be seen in Table 3 . The 95% confidence interval for experimental values measured in triplicates are in agreement with their predicted values (t test), except for the extraction yield (relative error below 2%), reinforcing the experimental design strategy employed. After 55 min of conventional extraction, 89.8% of the total antioxidants assessed were extracted, yielding a final product with total concentration in the extract of 15.49% w/w. RA, COH, and CA concentration in this extract were, respectively, 3.92%, 2.22%, and 9.34% w/w. The final product is 4.75 times richer in the assayed antioxidants when compared to the raw material, on dry basis. In addition, different experimental setups targeting a high extraction recovery rate or an enriched antioxidant extract can be applied from the CCD runs of Table 2 .
Conclusions
An experimental design followed by a desirability model proved to be an effective way to simultaneously maximize the extraction of the three main rosemary antioxidants and their concentration in the final product. The concentration in the extract and extraction yield for RA, COH, and CA were fitted with second-order polynomial models to the extraction time, liquid-to-solid ratio, and ethanol content.
The use of green solvents and low liquid-to-solid ratio produced a high antioxidant recovery rate and the total concentration in the extract in the final product was richer in RA, COH, and CA than the raw material. The proposed experimental design for the conventional extraction can produce an enriched extract having antioxidant contents comparable to those obtained with supercritical fluids or high pressurized and heated liquids, reported in the literature.
